Key words: DNA-ligand interaction, carbocyclic analogues of netropsin and distamycin, molecular modelling, netropsin, distamycin A molecular mechanics and molecular dynamics approach was used to examine the structure of complexes formed between the d(CGCGAATTCGCG) 2 duplex and netropsin, distamycin, and four carbocyclic analogues of netropsin and distamycin (1-4). The resulting structures of the ligand-DNA model complexes and their energetics were examined. It is predicted that the compounds 1-4 should have a decreased affinity for the minor groove of AT-rich regions in comparison to netropsin and distamycin. From the energetic analysis it appears that van der Waals and electrostatic interactions are more important than specific hydrogen bonds in stabilizing the ligand-duplex complexes. We predict that compounds 1 and 2 are effectively isohelical with the DNA minor groove. The superior DNA-binding afforded by 1 and 2 in comparison to 3 and 4 results from their more effective penetration into the minor groove and smaller perturbation of molecular structure upon complex formation.
Nucleic acids are important targets in the chemotherapeutic treatment of diseases and neoplasms. Interference with gene function and prevention of transcription and translation can kill invading microorganisms or tumour cells. A number of natural and synthetic compounds are known to bind to DNA double helix in a nonintercalative manner [1, 2] . This is possible because most DNA-binding molecules possess cationic functional groups, complementary in size to one of the grooves, have an aromatic ring system, or a combination factors of these [1] . The structure of two well-known compounds of this type, the antibiotics netropsin and distamycin is shown in have shown that these compounds bind in the narrow minor groove of B-DNA by means of hydrogen bonds, ionic charge attractions, as well as van der Waals interactions [3] [4] [5] . They have a binding preference to stretches of AT-rich regions over GC base pairs because binding to the latter is sterically hindered by the presence of the bulky 2-amino group of the guanine residue that protrudes into the minor groove [3] . Further, the deepest negative potential wells in the minor groove of DNA occur at (AT) n sequences ensuring that biscationic netropsin analogues gravitate to such sequences [6] . Such sequence binding microheterogeneity is now better understood based on the recent structural information available from several X-ray diffraction analyses of drug-DNA dodecamer complexes [3, 4] .
The synthesis and testing of analogues of netropsin and distamycin is a subject of active research [2, [7] [8] [9] . These studies clearly show that the length of three pyrrole rings is optimal for binding of this class of compounds, and a further increase in the number of heterocycles to target for a longer DNA sequence is not feasible due to the phasing incompatibility [8] which arises because of the lack of dimensional correspondence between oligopeptides and oligonucleotides. It has been found that a sequence-specific ligand binding to a longer specificity region of DNA is best obtained by connecting two netropsins or their analogues together via a short connecting chemical group or linker [8, 9] . Alternatively, we can develop the strategy that consists in replacing the N-methylpyrrole rings with new subunits of an appropriate repeat length that permits to retain the attractive features of netropsin and distamycin [8, 10] . We focused on the strategy that consists in replacing the N-methylpyrrole rings with carbocyclic rings with a minor modification of cationic heads (Fig. 2) . Carbocyclic analogues of netropsin and distamycin are readily available, can be modified easily, and are stable under most experimental conditions [10] [11] [12] . Recently, compounds 1-4 which were investigated on the standard cell line of mammalian tumour MCF-7, revealed high antitumour activity [12] . In order to improve their sequence selectivity and overall DNA-binding properties, it is important to understand in detail their mode of interaction at the molecular level. Consequently, computational methods can be useful in modelling ligand-DNA asso- ciations to predict the structure and probe the stereochemistry of recognition. We have examined a representative range of carbocyclic analogues of netropsin and distamycin (compounds 1-4 in Fig. 2 ) in terms of a computed binding energy with a model DNA sequence and structure-activity relationships using combined molecular mechanics and molecular dynamics methods.
METHODS
Chemistry. The synthesis of compounds 1-4, together with complete spectral characterization, has been reported in the previous paper [12] .
Molecular modelling. Initial structures for netropsin, distamycin and molecules 1-4 ( Fig. 1 and 2) were constructed using the HyperChem version 5.11 program, which was also used for manipulation and interactive docking manoeuvres. This program was run on an Intel Pentium II 450 MHz personal computer.
Initial coordinates for the 12-mer DNA duplex host were taken from the crystal structure of the d(CGCGAATTCGCG) 2 complex from the Brookhaven Protein Databank (PDB file 1bna) [13] . Initial models for each complex were constructed by docking the ligands at a core A4-T7 location within the minor groove with a) 1:1 stoichiometry, b) the concave surface of the molecules facing the convex groove floor, and c) fully extended, alltrans ligand conformations. Ligands 1-4 are asymmetric in structure, therefore two alternative orientations of these for compounds in the minor groove of DNA were considered. A rigid-body refinement procedure was used to align the ligand molecules with the walls of the minor groove, and to remove unfavourable atomic contacts, prior to energy minimisation. For netropsin, distamycin and 1-4, alternative positions of the compounds were considered by translation of the ligand along the 5¢-AATT-3¢ minor groove tract of the DNA. Ligand displacements were restricted ±2 bp from an initial location. The AMBER force field [14] [15] [16] (as implemented in HyperChem 5.11) was used for all energy calculations. Additional non-standard AMBER force-field parameters required for the ligands were derived here by interpolation. Atom-centered charges for each molecule were computed from the AM1 wavefunctions (HyperChem 5.11) by the procedure of Orozco & Luque [17] , which provides derived charges that closely resemble those obtainable from ab initio 6-31G* calculations.
In the case of compounds 1-4, the molecular modelling is further complicated by different distinct conformations available for the ligand molecules. These compounds can adopt structures with the carboxamide groups in various potential orientations with respect to one another. The structural demands of the receptor may lead to binding of the molecule in a conformation that would not be favoured in its nonbound state. Models were constructed for possible ligand conformations differing in the relative orientation of the carboxamide group and terminal amino group with respect to the minor groove ( The DNA-ligand complexes were initially regularized by conjugate-gradient molecular modelling to reduce poor intermolecular steric contacts so as to minimize the energy of the bound ligand alone and for minimization of the unrestrained complex to an energy gradient of < 0.01 kcal/(Å´mol). Molecular dynamics (MD) simulations of each complex were subsequently performed for 5 ps (integration time step = 1 fs) at 300 K. Potential energy analysis during molecular dynamics progress showed that the systems reached Vol. 47 Molecular modelling of the interaction of carbocyclic analogues 857 equilibrium rapidly, typically at [times of] < 2 ps. Atomic coordinates were sampled at 0.2-ps intervals during the simulation period. In each case, the averaged structure from the accumulated snapshots was subjected to final molecular mechanics relaxation. The Polak-Ribiere minimization method was applied with a gradient value of 0.01 to test for convergence, to generate the refined complex. van der Waals and H-bonded energy terms were included up to 8 Å, but explicit base pair restraints were not used. Solvent and counterions were not included explicity for reasons of computational expense. Instead, their effect was simulated using a simple distance-dependent dielectric constant with e = 4r ij . This formalism is well established in the field of protein modelling and has been tested in some detail for a nucleic acid model system with satisfactory results [14, 18] . Distance restraints corresponding to Watson-Crick base-paired geometry were not included, and no attempt was made to restrain either terminal base pairs or the DNA backbone. Binding energy and component perturbation energies were computed using: 
Perturbation energies were obtained by subtraction of the vdw-, q-. and HB-terms corresponding to the refined complex and to the minimized free molecules. Energy minima for compounds 1-4 were determined by a semiempirical method AM1 (as implemented in HyperChem 5.11). The terminal dimethylamine nitrogen of the (dimethylamino)propyl tail (pK a about 9.3) of ligands 1-4 was assumed to be singly protonated. Conformational searching in torsional space was performed using the multiconformer method [19] . Conformations thus obtained were confirmed as minima by vibrational analysis.
The expansion of groove widths has been monitored by measuring H4¢-H5¢ interstrand separation [20] . Positions of hydrogen atoms attached to deoxyribose C4¢ and C5¢ atoms were generated by HyperChem 5.11, which was also used to calculate interstrand distances between the atoms H4¢ and H5¢. Two H4¢-H5¢ distances were measured for each nucleotide pair, making a total of 18 distances for each dodecanucleotide duplex. Each H4¢ or H5¢ atom was paired up with a H5¢ or H4¢ atom on the opposite strand (n + 3), nucleosides along the 3¢ direction.
RESULTS AND DISCUSSION

Binding of netropsin, distamycin and its carbocyclic analogues
The calculated binding energy and component energies for each minimized complex are collected in Table 1 
Details of netropsin and distamycin groove-binding interaction with d(CGCGAATTCGCG) 2
In the structure for the low energy netropsin-d(CGCGAATTCGCG) 2 complex (Fig.  4B) after molecular dynamics refinement the drug molecule is located within the A5-T8 tract of the DNA. In agreement with crystallographic (Fig. 4A) , solution NMR, and footprinting studies [26, 27] , netropsin occupies a 4-base pair 5¢-AATT site. Each amide group of netropsin is positioned approximately midway between two successive base pairs. The amide NH groups make bifurcated hydrogen bonds to adenine or tymine bases on opposite strands and on two adjacent base pairs, exactly like the water bridges observed in the minor groove spine of hydration in the unliganded DNA [27] . The model for netropsin (Fig. 4B) shows a weak contact, via the N(8) amide group of netropsin with N3 (A18) distance of 3.4 Å. An equivalent hydrogen bond is also seen in the crystal structure ( Fig. 4A ) but is considerably stronger at distance of 2.6 Å. This behaviour is due to a small displacement of netropsin relative to the crystal structure position and the more extended conformation adopted by the ligand. In our model, netropsin makes a snug fit to the floor of the minor groove and is bound via a strong Vol. 47 Molecular modelling of the interaction of carbocyclic analogues 859 hydrogen bond. The inner-facing nitrogen of one amidinium group (N9) forms the hydrogen-bond to the N3 A(17) of 3.3 Å length, while the inner-facing nitrogen of the other amidinium (N1) is involved in the hydrogen bond to O2 (C21) of 3.1 Å length, four base pairs away. However, in the crystal structure only one end of netropsin lies deep in the minor groove, and, at the other end of the molecule, the guanidinium group interacts with DNA via a bridging water molecule (PDB file 101D) [27] . This feature has also been observed in the X-ray structures of other minor groove ligands [3] . This result points to an obvious limitation of the present model; as the solvent is not included explicitly in the calculations no such binding mode could be predicted. Further, the amidinium and guanidinium groups in our model are twisted out of the planes of the pyrrole rings, by 38°and 24°, rather than by 0°and 17°, respectively, found in the crystal structure [26] . However, in view of the 2.2 Å crystallographic resolution and the high temperature factors associated with the bound ligand, such structural differences are unlikely to be significant. Base pair C1 G24 is at the top of the helix as drawn here. The nitrogen atoms are numbered as in Fig. 1 .
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Distamycin forms effectively a centrosymmetric complex (Fig. 4C) , with DNA base sequence preferences that resemble those exhibited by netropsin. On account of its larger size, additional hydrogen-bonded contacts, at distances of 3.2 Å and 2.9 Å, are made via N1 to N3 (A17) and N(9) to N3 (A5), respectively. Distamycin makes closer contacts with O2 (T19) and O2 (T7) than does netropsin, at distances of 3.0 and 2.8 Å, respectively (Fig. 4C) . These closer contacts are reflected in the van der Waals and hydrogen bond energies determined for distamycin (Table 1 ). In contrast to the crystal structure of distamycin bound to d(CGCAAATTTGCG) 2 [27] , in our model the entire drug molecule is shifted down the minor groove by approximately one base pair step. This difference in ligand binding to AAATTT and AATT sequences emphasizes the subtle role played by DNA structure in determining the precise location of ligands. Our molecular modelling studies suggest that the formation of hydrogen bonds to guanine N3 atoms is hindered by adenine NH 2 group which comes in close contact with pyrrole rings of distamycin.
The calculation of groove width depends on the choice of the reference atom. Consideration of the atoms involved in contacting a ligand suggests that C4¢ or C5¢ can be more appropriate than the conventional choice of phosphorus atoms [20, 28] . The expansion of groove widths has been monitored by measuring the H4¢-H5¢ interstrand distance. The induced widening of the minor groove is evident in the ligand-bound region, compared with the native DNA crystal structure (Fig. 5) . Indeed, the induced opening of the A5-C9 minor groove tract is apparent for all the compounds studied, suggesting that increased van der Waals factors may be involved. The minor groove is mostly unchanged in width for representative compound-DNA complexes, as compared with the crystal structure for the netropsin-DNA complex (PDB file 101D), but is opened by about 0.5-1.5 Å in comparison with the native DNA duplex (PDB file 1bna).
Induced perturbations of the DNA duplex are small and not propagated beyond the immediate binding site.
Details of groove-binding interaction of the carbocyclic analogues of netropsin and distamycin with d(CGCGAATTCGCG) 2
The structures for the minimized 1-d(CGC-GAATTCGCG) 2 and 2-d(CGCGAATTCG-CG) 2 complex (Fig. 6A and B) shows that the ligands occupy symmetric sites that span 1 fewer base pairs than dose netropsin (in agreement with its shorter length), to give an effective 3-base pair 5¢-ATT-3¢ binding site or recognition sequence. The molecule makes a snug fit to the floor of the minor groove ( Fig. 7A and B) .
The close fit favors increased van der Waals and H-bonded interactions with the DNA, and inducing a small perturbation of the duplex (Table 1 ; Fig. 7A and B) , which suggests that the molecules 1 and 2 are of the same isohelicity with the minor groove of the DNA as is netropsin itself. This suggests that short Vol. 47 Molecular modelling of the interaction of carbocyclic analogues 861 homologues of netropsin can be accommodated more deeply into the groove, in agreement with the superior DNA-binding activity observed for 1-2 than for 3-4. The protonated terminal dimethylamine nitrogen of the (dimethylamino)propyl tail is adjacent to a negatively charged phosphodiester linkage. Introduction of a moderately hydrophobic methoxy group at positions ortho to the amide moieties of each phenyl ring of 1 would result in close (2.1-2.3 Å) contacts between the methoxy H atoms and sugar H4¢, H5¢ atoms of the DNA backbone. These effects are stabilizing the complex. This is reflected in a 2 kcal/mol increase in the binding energy of compound 2 in comparison to 1.
The structures for the minimized 3 and 4-d(CGCGAATTCGCG) 2 complexes ( Fig. 6C  and D) show that, in the minor groove of DNA, these ligands have an alternative orientation with respect to compounds 1 and 2. The 3 and 4 analogues form centrosymmetric 4-base pair complexes with the ligands displaced towards the 5¢ end of the 5¢-AATT binding site by approximately one-half a base pair step, relative to netropsin ( Fig. 4A and B) . This displacement facilitates increased van der Waals contacts with the walls of the minor groove.
Our detailed models reveal that the extent of each binding site for 3 and 4 is not exactly 4 bp, but rather lies somewhere between 3 and 4 bp. The benzene rings of 3 and 4 are positioned roughly in the plane of the bases, and amide group are located between base pairs ( Fig. 6C and D) . Interestingly, neither 3 nor 4 are able to make strong hydrogen-bonded contacts with A6 and T20 base acceptors located at the floor of the minor groove. When three carboxamide NH groups of 3 and 4 face inwards, the strong curvature of 3 and 4 would prevent significant interaction in the minor groove. No regular pattern of bifurcated hydrogen bonds then exists, as shown in Fig. 6C and D. Additional hydrogen-bonded contact of 3 and 4 in comparison with netropsin, are made at distances of 3.4 Å and 3.2 Å, respectively via NH 2 (amine) to the O2 (C21). Our model is consistent with the observed reduced affinity to AT pairs and increased affinity toward GC sequences of the carbocyclic analogues of distamycin and netropsin in comparison with parent compounds [29, 30] . In addition to decreasing affinity for the 5¢-AATT-3¢ match site, there are weaker contacts with the O2 atom of C21, indicating that the binding-site size requirement for 3 and 4 extends over slightly more than the four central AT base pairs. In contrast to the smaller compounds 1 and 2, the energy wells for these ligands within this AT tract are narrow and the data indicate that specific interactions with flanking sequences strongly inhibit ligand translation along the minor groove. The three benzene rings of 3 and 4 are slightly twisted so that each ring can be parallel to an appropriate fragment of the enclosing walls of the DNA minor groove (Fig. 7C and D) . The compounds 3 and 4 produce an increase in groove width of approximately 1.5 Å compared to the netropsin-DNA complex (Fig. 6) . The hydrophobic methoxy groups of 4 are situated outside the minor groove, therefore the binding energy for 3 and 4 is almost the same. An important component of the binding energy that molecular mechanics is unable to fully take into account, involves the role of water molecules. Neither the angular dependence of the hydrogen bonds nor the hydrogen bond network is modeled in the classical force field. It is possible that the model could be improved by the inclusion of explicit solvent in the molecular modelling calculations because, in the crystal structure, water molecules are located in the minor groove vicinity of the bound netropsin [26] . An accurate definition by molecular modelling of the optimal binding site for the compounds studied alone has been hampered by the fact that the DNA fragment used in the model contains a limited number of binding sites. Various dodecamer sequences, even though they exhibit a similar general trend, show much dissimilarity in the detail of their structure [3, 21, 31, 32] . Analysis of DNA complexes with netropsin, distamycin, and their analogues led to debate over the contributions Vol. 47 Molecular modelling of the interaction of carbocyclic analogues 863 of H-bonding, electrostatic, and van der Waals interactions to minor groove binding affinity and specificity. To design improved drugs that target the minor groove of DNA, it is essential to have a more detailed understanding of such interactions. It is obvious that the interaction model presented here should be validated by accurate physical measurements. The availability of additional experimentally determined data sets should help to further validate the model and simulations.
CONCLUSIONS
Our molecular modelling approach, using the d(CGCGAATTCGCG) 2 duplex as a model DNA host, provides a qualitative method for comparing the binding properties of carbocyclic analogues of netropsin and distamycin. For netropsin itself, this procedure suggests a drug conformation that is closely related to that in the crystal structure of the complex [27] . We predict that analogues of netropsin 1 and 2 would be effectively isohelical with the DNA minor groove. The superior DNA-binding afforded by compounds 1 and 2 with respect to 3 and 4 results from their more effective penetration into the minor groove and reduced perturbation factors. From the analysis of our model it appears that van der Waals and electrostatic interactions are more important in stabilizing the complexes than specific hydrogen bonds formation. 864 K. Bielawski and others 2000
